O rganophosphorus (OP) compounds are among the most studied and best known toxicants because they are a major class of insecticides and the most potent chemical warfare agents. Their primary mechanism of toxicity is inhibition of the serine hydrolase acetylcholinesterase (AChE), thereby prolonging the action of acetylcholine as the cholinergic neurotransmitter. The human genome contains several hundred other predicted serine hydrolases of unknown OP sensitivity and relevance (1, 2) . Multiple approaches are required to sort this daunting array of candidate OP toxicant secondary targets (1) .
Chlorpyrifos oxon (CPO) is of particular interest as a probe to study OP insecticide secondary targets. It is the bioactivated metabolite of chlorpyrifos, which is one of the most important OP insecticides, so extensively used that its trichloropyridinol metabolite appeared in the urine of 82% of American adults (3) . Chlorpyrifos and CPO are the most extensively studied OP insecticides for secondary targets, and CPO has high potency on more OP targets than any other insecticide (1) Brains (freshly obtained or from frozen storage at Ϫ80°C) were homogenized in 100 mM phosphate buffer (pH 7.4). Three preparations were used for assays: the homogenate after removing debris by centrifugation at 1,000 ϫ g for 20 min and the cytosol (supernatant) and membrane (pellet) fraction from centrifugation of the homogenate at 100,000 ϫ g for 60 min. The membranes were resuspended in phosphate buffer to the original volume and used directly or held at Ϫ80°C until analyzed. Protein was determined by the method of Bradford (8) . Brain membrane, cytosol, or homogenate proteins (200 g) in 100 mM phosphate buffer (pH 7.4; 500 l) were incubated with [ 3 H]CPO (1 nM final concentration unless indicated otherwise) added in ethyl acetate (5 l) for 15 min (or as specified) at 25°C. Nonspecific binding was determined by 15-min preincubation with unlabeled CPO (100 M). Potassium fluoride (100 mM, 15 min at 25°C) was used to differentiate diethylphosphorylated (reactivatable) from monoethylphosphorylated (nonreactivatable or aged) proteins based on studies with other serine hydrolases (9, 10) . To determine in vitro inhibitor potency, the test OP in a 1, 3, 10, etc., nM final concentration series was introduced in DMSO (5 l) before adding the [ 3 H]CPO. The inhibitor concentration for 50% inhibition (IC 50 ) in filtration assays was determined by iterative nonlinear least squares regression using the SIGMAPLOT 8.0 program (SPSS, Chicago).
Analysis for [ 3 H]CPO
Binding, Hydrolysis, and Metabolism. Protein binding was determined by filtration or electrophoresis. For filtration assay, the binding was terminated by adding cold 0.9% sodium chloride (2 ml) and filtering through GF͞B filters presoaked in 0.9% sodium chloride for 2 h. The tubes and filters were washed three times with fresh cold sodium chloride solution (2 ml), and each filter was mixed with scintillation mixture (Safety-Solve, Research Products International) (10 ml) and counted. For SDS͞PAGE, a 50-l aliquot (20 g of protein) from the incubation mixture was added to loading buffer (62.5 mM Tris, pH 7.4͞5% SDS͞10% glycerol͞5% 2-mercaptoethanol͞0.1% wt/vol bromophenol blue) (50 l). This mixture was loaded directly onto an 8% gel and run at 150 V for 2 h. The gel was stained with Commassie G250 (0.1% wt͞vol) in 10% acetic acid and 40% methanol and destained with 10% acetic acid and 40% methanol. Gel sections prepared with a Bio-Rad gel slicer (Bio-Rad) were placed into scintillation vials with 30% hydrogen peroxide (500 l) and incubated overnight at 80°C. Then, 1 M hydrochloric acid (100 l) and scintillation mixture were added before counting.
A partitioning method was used to determine [ 3 H]CPO hydrolysis and metabolism, selecting the extracting solvent so that the more accessible upper phase is analyzed for
]CPO, respectively. Hydrolysis was terminated by addition of potassium carbonate (200 mM, 0.83 ml) and extraction with chloroform͞methanol͞hexane (1.25:1.4:1) (2.5 ml). After centrifugation, a 1.5-ml portion of the upper aqueous phase (Ϸ2 ml) was counted to determine the hydrolysis product. For analyzing unmetabolized [ 3 H]CPO, the reactions were terminated by addition of ethyl acetate (2.0 ml), hexane (0.8 ml), and water (0.2 ml), and the upper organic layer (2.5 ml) was counted. In a series of experiments, a selective OP inhibitor (unpublished data) was used to block [ 3 H]CPO reaction in brain homogenate and membrane fractions with 15-min preincubation for inhibition, and 60-min incubation with [ 3 H]CPO for hydrolysis and metabolism.
FP-Biotin and FP-Rhodamine Labeling. Serine hydrolases were analyzed by the FP-biotin (11) and FP-rhodamine (5) procedures. Brain membrane proteins (200 g) in 100 mM phosphate buffer (pH 7.4; 500 l) were incubated with FP-biotin (100 M final concentration, added in 5 l of DMSO) for 30 min at 25°C. For in vitro inhibition studies, the OP (added in 5 l of DMSO) was preincubated with brain membranes for 15 min to allow it to react before competing with FP-biotin. An aliquot (20 l) was then added to SDS͞PAGE loading buffer (30 l). The reaction mixtures were run on SDS͞PAGE as above (20 g of protein per gel lane) and transferred by electroblotting onto nitrocellulose membranes, which were blocked in Tris-buffered saline (TBS) with 1% Tween (TBS-Tween) and 3% BSA for 1 h at 25°C. Blots were then treated with an avidin-horseradish peroxidase conjugate (Bio-Rad) (1:1,000 dilution) in TBS-Tween with 1% BSA for 30 min at 25°C. The blot was washed with TBS-Tween three times (10 min per wash), treated with SuperSignal chemiluminescence reagents (Bio-Rad), and exposed to film for 1 min before development. FP-rhodamine analyses followed the procedure of Leung et al. (5) with 10-min incubation of OP (0.5-100,000 nM final concentration added in 1 l of DMSO) and brain membranes (1,000 g of protein per ml) in 50 mM Tris⅐HCl (pH 8.0) before FP-rhodamine addition (100 nM final concentration from DMSO stock). Reactions were quenched after 10 min with SDS͞PAGE loading buffer, subjected to SDS͞PAGE, and visualized in-gel by using a flatbed fluorescence scanner (MiraiBio, Alameda, CA). Labeled proteins were quantified by measuring integrated band intensities (normalized for volume); control samples (DMSO alone) were considered 100% activity, and inhibitor-treated samples were expressed as a percentage of remaining activity. Potent inhibitors (IC 50 values Ͻ 10 nM) were also tested at 0.5, 1, and 5 nM with proteomes adjusted to 100 g of protein per ml, so that the estimated concentration of target enzymes was kept at least 5-fold below the inhibitor concentration (enzyme concentrations were estimated by activity-based protein profiling as described in ref. 12) . IC 50 values were determined from dose-response curves from three trials at each inhibitor concentration by using PRISM software (GraphPad, San Diego).
Cells of Varying KIAA1363 Expression. Two human breast cancer cell lines, with low (MCF-7) and high (MDA-MB-231) KIAA1363 expression (12) , were grown to 80% confluence in DMEM containing 10% FBS and then cultured in serum-free medium for 48 h. The adhering cells were harvested and centrifuged at 2,400 ϫ g for 5 min. The pellets were resuspended in 100 mM phosphate buffer (pH 7.4) and sonicated. The 100,000 ϫ g membrane fraction was then prepared and assayed in the same way as with the mouse brain membranes.
Results [ 3 H]CPO Labeling. Incubation of [ 3 H]CPO
(1-30 nM) with mouse brain membranes for 15 min leads to covalent derivatization based on analysis by the filtration assay of the 100,000 ϫ g pellet (native membranes) and by SDS͞PAGE (50-and 63-kDa proteins) (Fig. 1A) . There is predominantly a single labeled band of Ϸ50 kDa tentatively assumed to be one protein and designated CPO-BP ( Fig. 1 A Inset) . With 1 nM [ 3 H]CPO, there is comparable recovery for the total membrane-bound material by filtration (36,000 Ϯ 5,000 dpm) and the 50-kDa fraction by SDS͞ PAGE (30,000 Ϯ 5,000 dpm). On this basis, the filtration and SDS͞PAGE assays at 1 nM [ 3 H]CPO can be used interchangeably as convenient to quantitate bound material. [ 3 H]CPO binding was also examined at 1-30 nM to determine the possible presence of additional binding sites (Fig. 1) CPO, paraoxon and diazoxon are the P ¢ O (oxon) activation products of the major P ¢ S (thion) insecticides chlorpyrifos, parathion and diazinon (1).
labeled component with apparent maximal binding (B max ) of 4.2 pmol per mg of protein and apparent phosphorylation constant of 2.6 nM (Fig. 1B) . The minimal CPO-BP amount can be calculated, based on a 50-kDa protein, as 220 g per g of brain.
Brain cytosol incubated with 1 nM [ 3 H]CPO under the standard conditions gives a single labeled band at Ϸ67 kDa (data not shown) that may be albumin (13) because it is not detected in perfused brain. Ϫ corresponds to 81% hydrolyzed at 60 min. The total reacted CPO (bound and hydrolyzed) at 1 nM is 72% at 5 min increasing to 100% at 60 min (Fig. 2B) . With excess substrate (10 nM), only 36% is hydrolyzed after 60 min (data not shown). (Fig. 3) . The ED 50 values are 2-25 mg͞kg for the acute cholinergic toxicants (DFP, CPO, and paraoxon) and 4-7 mg͞kg for the delayed toxicants (EOPF and IDFP) ( Table  2 ). The ED 50 is below the LD 50 for DFP, EOPF, and IDFP, but not for CPO and paraoxon, which are lethal at the ED 50 dose.
CPO-BP is
Cross Reactivity of CPO-BP and KIAA1363 with FP-Biotin and CPO. The activity-based proteomic probe FP-biotin was tested for potency in the [ 3 H]CPO filtration-binding assay (Fig. 4A) . It is much less potent than CPO (IC 50 values of 4,300 and 7.5 nM, respectively), but is still suitable for the biotinylation-SDS͞PAGE procedure. It labels at least nine bands, two of which (50 and 63 kDa) are sensitive to CPO at 1,000 and 10,000 nM (data not shown). The 50-kDa doublet and 63-kDa band were previously identified with FP-biotin as serine hydrolase KIAA1363 and FAAH, respec- tively (5). This cross reactivity experiment suggests the possibility that CPO-BP is KIAA1363.
Similar OP Inhibitor Specificity Profiles for CPO-BP and KIAA1363.
Each serine hydrolase has a unique OP inhibitor specificity profile (1), providing a useful guide in determining whether two different assays measure the same enzyme. CPO-BP was assayed as [ 3 H]CPO binding by the filtration assay, and KIAA1363 was determined by using the FP-rhodamine procedure ( Table 3 ). The best inhibitors in both assays are CPO, paraoxon, CPOpentyl, and EOPF (compounds 1-4) with IC 50 values of 1-52 nM. The inhibitor potency is less for CPO-methyl, IDFP, and diazoxon (compounds 5-7) (IC 50 values of 37-379 nM), and lowest for profenofos, FP-biotin, DFP, and dichlorvos (compounds 8-11) (IC 50 values of 890-18,000 nM) (Fig. 4B and Table 3 ) confirmed by comparing potencies at 100 nM OP (Fig. 4C ). There is a good correlation between the [ 3 H]CPO binding and FP-rhodamine assays (r 2 ϭ 0.90, n ϭ 11; Fig. 4B ), suggesting that they recognize the same site, i.e., CPO-BP is KIAA1363.
FAAH (63 kDa) is also inhibited [particularly by EOPF (4) and IDFP (6)], but with a different specificity profile than KIAA1363 (Table 3) , as determined by a correlation plot for the two serine hydrolases (r 2 ϭ 0.28, n ϭ 11; data not shown) and inhibition at 100 nM OP (Fig. 4C) . The method of activity-based protein profiling is further validated by comparing the IC 50 values obtained for mouse brain FAAH assayed by using the FP-rhodamine procedure with those measured by the conventional [
14 C]oleamide hydrolysis technique (1); a good correlation (r 2 ϭ 0.94) is obtained for assays with seven compounds (DFP, EOPF, IDFP, paraoxon, CPO, profenofos, and dichlorvos). In a supplemental test, radioligand binding was compared for membranes from MCF-7 cells with low KIAA1363 expression and MDA-MB-231 cells with 7-fold higher KIAA1363 expression (12) . [ 3 H]CPO binding is higher in the MDA-MB-231 cells by 5-fold, as determined by filtration assay, and 3-fold, as determined by SDS͞PAGE (data not shown).
KIAA1363-Deficient Mice Are also CPO-BP Deficient. KIAA1363
Ϫ/Ϫ mice were compared with their ϩ͞ϩ wild-type littermates to Table 2 . Data are mean Ϯ SD (n ϭ 3). Data for mortality are n ϭ 4 at LD50. Table 3 . (C) Inhibition of FP-rhodamine labeling for 11 compounds at 100 nM compared with the control (0). Membranes were incubated with inhibitors for 10 min before addition of 100 nM FP-rhodamine for 10 min. KIAA1363 appears as two glycosylated forms at Ϸ50 kDa. Some OPs also inhibit FAAH (63 kDa) as discussed in the text. The OP compounds (1-11) are identified in Table 1 .
determine the possible relationship between CPO-BP and KIAA1363. There is no FP-biotin labeling of KIAA1363 in the Ϫ͞Ϫ mice compared with the ϩ͞ϩ mice (Fig. 5A Inset) . Most importantly, using brain membrane preparations, [ 3 H]CPO (1 nM) labeling is Ͼ100-fold lower for Ϫ͞Ϫ versus ϩ͞ϩ mice by the specific SDS͞PAGE procedure and 9-fold lower by the somewhat less discriminating filtration assay (Fig. 5A) . This difference is also evident for hydrolysis and overall metabolism, which are 13-and 7-fold lower, respectively, for Ϫ͞Ϫ versus ϩ͞ϩ animals (Fig. 5B) . The studies also considered brain cytosol and whole brain homogenate. There is relatively little metabolism of CPO disrupts a large number of brain enzymes and receptors and other biochemical and organismal systems. One way to study these targets is to determine the most sensitive brain proteins undergoing diethylphosphorylation (1) . [ 3 H]CPO at 1 nM apparently labels only one major protein of Ϸ50 kDa, designated CPO-BP, and, surprisingly, it is not a known target of OP toxicants. CPO-BP can be determined equally well by filtration and SDS͞PAGE assays with more rapid analysis by the former procedure. At higher radioligand levels, the filtration assay is not satisfactory because there is also another labeled protein, probably FAAH. When calculated on the basis of 50 kDa and 4.2 pmol per mg of protein, CPO-BP makes up 0.02% of the total mouse brain membrane proteins. The CPO-BP concentration in the standard filtration binding assay is therefore at least 1.7 nM, compared with 1 nM [ 3 H]CPO.
Reactions of CPO-BP with [ 3 H]CPO. CPO-BP in mouse brain membranes is very rapidly labeled by [
3 H]CPO with subsequent loss of a portion of the label. This pattern can be rationalized as initial formation of the enzyme-inhibitor complex (data not shown) followed by rapid diethylphosphorylation and a somewhat slower 
KIAA1363 Is an OP-Detoxifying Enzyme in Brain.
The findings with KIAA1363-deficient mice establish that this enzyme is the principal high-affinity CPO-metabolizing site in brain serving as an OP hydrolase. Other targets also react with high levels of CPO because multiple serine hydrolases are inhibited and labeled. Inhibition of KIAA1363 in vivo probably consists of diethylphosphorylated and monoethylphosphorylated enzyme because any excess noncovalently bound inhibitor would have been removed during membrane preparation for assay. The form of inhibited KIAA1363 with a large excess of CPO will change with time after treatment from predominantly reactivatable at early stages to mainly aged at later times. Brain KIAA1363 is inhibited by several OPs in vivo and in vitro, and therefore serves as a sequestration protein or hydrolase for many compounds. The apparent affinity, phosphorylation rate, and extent of aging with KIAA1363 will be greatly affected by the OP structure, as is the case also with AChE (9) and neuropathy target esteraselysophospholipase (15) (16) (17) . AChE is the presumed target for acute cholinergic toxicants and neuropathy target esteraselysophospholipase for the delayed toxicants studied here. The relationship for a series of OPs between the in vivo ED 50 for KIAA1363 and the LD 50 suggests that this hydrolase actually reacts with acute and delayed OP toxicants in a concentration and time frame of potential toxicological relevance. KIAA1363-deficient mice appear to be phenotypically normal, so the OP reaction with KIAA1363 in brain is not expected to result in a toxic response but instead a detoxification.
There are several mammalian OP hydrolases of greatly different tissue distribution and properties. A very critical site for OP detoxification is in the nerve because it minimizes AChE and neuropathy target esterase-lysophospholipase inhibition. In contrast to other tissues containing paraoxonase and DFPase enzymes, with histidine moieties and calcium at their active sites (18) (19) (20) , the serine hydrolase KIAA1363 appears to be the most important protein in mouse brain for CPO metabolism.
KIAA1363 Properties and Function. KIAA1363 belongs to the GDXG family of serine hydrolases having lipase homology with the active site-serine at position 191 (http:͞͞myhits.isb-sib.ch͞ cgi-bin͞motifscan); it also has 44% sequence homology with kidney arylacetamide deacetylase (http:͞͞us.expasy.org͞tools͞ blast). The molecular mass is 45 and 50 kDa in different glycosylated forms, and the pI is 6.7. It is highly expressed in several invasive cancer cell lines and is therefore a potential marker for cancer invasiveness (12) . However, its role in cancer progression, its endogenous substrate, and its possible genetic polymorphism are not defined. The discoveries and KIAA1363-null mice reported here allow for further testing of the function of KIAA1363, including the proposal that it is a significant detoxifying enzyme for OP nerve poisons in brain.
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